The esophageal epithelium is a rapidly renewing tissue, but conflicting reports have made it difficult to determine whether there is a separate stem cell population that contributes to cellular turnover. DeWard et al. now report heterogeneous cellular organization in the mouse esophagus, consisting of actively proliferating stem cells as well as more differentiated transit-amplifying cells.
In Brief
The esophageal epithelium is a rapidly renewing tissue, but conflicting reports have made it difficult to determine whether there is a separate stem cell population that contributes to cellular turnover. DeWard et al. now report heterogeneous cellular organization in the mouse esophagus, consisting of actively proliferating stem cells as well as more differentiated transit-amplifying cells.
INTRODUCTION
The esophageal epithelium is a rapidly self-renewing tissue comprised of a basal cell layer and more differentiated suprabasal layers (Messier and Leblond, 1960) . Proliferation is restricted to the basal cell layer, which contains cells that selfrenew and differentiate over the lifespan of the tissue (Marques-Pereira and Leblond, 1965) . To maintain tissue homeostasis, esophageal basal cells divide approximately twice per week to replace the differentiated cells that are shed into the lumen (Doupé et al., 2012) . However, conflicting reports have made it difficult to determine if there is a separate subpopulation of slower-cycling stem cells that give rise to more differentiated cells in the basal layer, or if all basal cells represent a single progenitor population (Croagh et al., 2007; Doupé et al., 2012; Kalabis et al., 2008; Marques-Pereira and Leblond, 1965; Seery, 2002) . In the intestine, multipotent LGR5 + stem cells are found in readily identifiable structures called crypts and regenerate all epithelial lineages of the intestine (Barker et al., 2007) . Conversely, the basal epithelium of the esophagus is morphologically more uniform and gives rise to a single cell lineage that forms the suprabasal layer. This simple structure has led to questions about the presence or necessity of a separate stem cell population in the basal epithelium, similar to the questions that have arisen regarding the interfollicular epidermis (Clayton et al., 2007; Doupé and Jones, 2013; Kaur and Potten, 2011; Lim et al., 2013; Mascré et al., 2012) . Our results indicate that the basal epithelium of the mouse esophagus contains both proliferating stem and transit-amplifying cells.
RESULTS

Generation of 3D Esophageal Organoids
During development, both the Wnt and transforming growth factor b cell signaling pathways play an important role to properly form the adult esophagus as well as other endoderm-derived organs such as the trachea, stomach, and intestine Jacobs et al., 2012; Que et al., 2006; van der Flier and Clevers, 2009 ). These signaling pathways were shown to control the intestinal stem cell niche in a 3D in vitro assay, in which intestinal stem cells generated organoids containing crypt structures (Sato et al., 2009 (Sato et al., , 2011 . Related 3D assays have been used to characterize stem cells in the brain and breast, among other tissues (Maslov et al., 2004; Stingl et al., 2006) . Therefore, we hypothesized that a similar assay could be applied to the esophagus. To test this, we removed the esophagus from mice and enzymatically dissociated the mucosa into single cells followed by suspension in Matrigel ( Figures 1A-1C ). We found that growth media supplemented with exogenous stem cell factors was required to generate 3D organoids ( Figure 1D and Table S1 ). The organoids were morphologically similar to normal esophageal tissue after 9 days in culture, with small basal-like cells in contact with the extracellular matrix, large flat suprabasal-like cells in the interior, and hardened keratinized material in the center (Figures 1E and 1F) . We then compared the cellular composition of the organoids to primary tissue using markers that are specific for the basal and more differentiated suprabasal cell layers ( Figure 1G ). The organoid outer cell layer was CK14 + , p63 + , and contained proliferating cells (incorporated EdU during a 2-hr incubation), similar to esophageal basal cells found in primary tissue. The organoid interior consisted of differentiated cells as shown by CK13 + immunostaining, as well as abundant keratinization.
Next, we determined if organoids were generated from single esophageal epithelial cells. Initially, we combined a single cell suspension of primary esophageal cells from GFP + and GFP À mice. After organoids formed, they were always completely GFP + or GFP À , indicating that they did not form by aggregation (Figures S1A and S1B). We then sorted primary esophageal cells with fluorescence-activated cell sorting (FACS) at the clonal level, and single cells were suspended in Matrigel to initiate organoid formation. After 9 days, organoids grew from a single cell with a similar morphology to those plated in a single cell suspension ( Figure S1C ).
We then assessed the role of Wnt and BMP signaling on esophageal organoid generation and self-renewal because these pathways govern esophageal development as well as the intestinal stem cell niche (Barker, 2014; Jacobs et al., 2012) . Primary esophageal cells were suspended in Matrigel followed by the addition of complete stem cell medium, stem cell medium lacking Wnt agonists (Wnt3a/R-Spondin 2), or stem cell medium lacking the BMP inhibitor noggin. Organoids were generated with a similar efficiency under each condition, with a small decrease in organoid formation in the absence of noggin (Figure S1D) . However, upon dissociation of organoids to single cells and replating, we found that exogenous noggin and Wnt agonists were required for self-renewal. On the other hand, organoids maintained in the presence of stem cell medium showed no decrease in self-renewal potential (passaged at least five times). (G) H&E and immunostaining (red) of cytokeratin 14 (CK14), p63, EdU, and cytokeratin 13 (CK13) for esophageal tissue sections (top) and sections of organoids generated in vitro (bottom). Sections were counterstained with Hoechst (blue). Scale bar represents 50 mm. See also Figure S1 and Table S1 .
Sox2 Marks Basal Epithelial Cells
We then asked whether the ability to generate organoids was restricted to basal epithelial cells, because these cells are thought to contain stem/progenitor cells (Messier and Leblond, 1960) . Previous studies reported that Sox2 is constitutively expressed in all basal epithelial cells that give rise to Sox2-negative differentiated cells, which we confirmed by immunostaining (Figure 2A ; Arnold et al., 2011; Liu et al., 2013) . To separate primary live basal epithelial cells from other cells (i.e., hematopoietic, mesenchymal, or suprabasal), we used a genetic mouse model that had EGFP knocked in to one of the endogenous Sox2 alleles ( Figure 2B ). After isolating cells from the esophagus and separating the Sox2 + and Sox2 À cells by FACS, we found that only Sox2 + cells generated organoids ( Figures 2C, 2D , and S2A).
We also found that the Sox2 + population could be distinguished from the Sox2
À population with the cell-surface marker EpCam, but EpCam expression is dim compared to that of GFP (Figure S2B) . We confirmed that the Sox2 + cell population was specific to basal cells, because all of the primary GFP + cells expressed the b1 integrin (Itgb1, CD29) and p75 ( Figure 2E ), which were previously used to separate esophageal basal cells (Doupé et al., 2012; Liu et al., 2013) . Furthermore, we quantified the percent of EdU uptake in esophageal basal cells by both immunostaining and flow cytometry, and found no significant differ- Figure S2 .
ence in the percent of EdU + cells when comparing the two methods ( Figure S2C ). Together, these data show that the sorted Sox2 GFP + population does not contain differentiated postmitotic suprabasal cells.
Sox2 Contributes to Organoid Formation and Self-Renewal
We next confirmed that Sox2 + basal cells gave rise to differentiated cells using lineage tracing in the in vitro organoid assay. To label the Sox2 + cells and their progeny, we used a tamoxifen inducible Sox2
CreERT2 knockin mouse crossed with a mouse that contains a floxed stop signal to prevent EYFP expression ( Figure 3A ). Esophageal cells isolated from the Sox2 CreERT2/EYFP mice were suspended in Matrigel to generate organoids followed by a 12 hr tamoxifen pulse to activate EYFP expression. After 9 days in culture, we found a majority of organoids with EYFP expression in all cells of the organoid, indicating that Sox2 + cells generated the organoids ( Figure 3B ). However, treatment with 1 mM tamoxifen was not 100% efficient at labeling all cells (Figures S3A and S3B) . We then generated Sox2 CreERT2/floxed mice to genetically remove Sox2 upon tamoxifen administration ( Figure 3C ). We confirmed the loss ($80%) of Sox2 expression in organoids after the addition of tamoxifen using quantitative PCR analysis ( Figure 3D ). Previous studies showed that ablation of Sox2 expressing cells disrupted the esophageal basal epithelium (Arnold et al., 2011) . Here, we found that genetically reducing Sox2 expression resulted in an $20% decrease in the total number of organoids formed in vitro ( Figure 3E ). We also found a significant decrease in the size of the organoids after Sox2 deletion ( Figure S3C ). Upon organoid dissociation and passaging, we found that Sox2 is required to generate new organoids (Figure 3F) . Together, these data indicate that Sox2 plays an important role in the generation and self-renewal of organoids, and Sox2 + basal cells contain a stem cell population.
Identification of Cell-Surface Markers that Enrich for a Stem Cell Population
After establishing an in vitro assay to test for stemness and focusing on the basal cell compartment, we asked if stem cell heterogeneity could be observed among the basal cell population. Cell-surface proteins have been used to separate epithelial subpopulations to test for differences in stem cell potential (Croagh et al., 2007; Kaur et al., 2004) . If all proliferating esophageal basal cells represent a single functionally equivalent cell population (Doupé et al., 2012) , then we predict that separate cell populations would show similar stem cell characteristics.
Using flow cytometry analysis, we found that esophageal basal cells (Sox2 + ) express a range of low, medium, and high levels of a6 integrin (Itga6, CD49f) and b4 integrin (Itgb4, CD104), which form the integrin pair for laminin ( Figure 4A ). We also found heterogeneous expression of Itgb4 on basal cells by immunostaining ( Figure 4B ). We used FACS to separate primary esophageal basal cells based on their Itga6/Itgb4 expression. Limiting dilution analysis showed that the colony-forming unit frequency of cells expressing high levels of Itga6/Itgb4 was enriched 2.6-fold above the bulk population of basal cells ( Figure 4C ). In addition, the organoid-forming unit frequency of Itga6/Itgb4
High cells was significantly higher than the Itga6/Itgb4 Low and bulk cell populations ( Figure 4D ). These data show that Itga6/Itgb4 High expressing basal cells enrich for cells that have stem cell features (i.e., increased colony-forming frequency and 3D organoid generation), similar to previous reports that correlated integrin expression with epithelial stemness (Adams and Watt, 1990; Croagh et al., 2007; Jones and Watt, 1993; Mascré et al., 2012) . Previous work suggested that CD34 + cells were candidate esophageal stem cells, but subsequent studies showed that epithelial cells do not express CD34 (Doupé et al., 2012; Kalabis et al., 2008) . In our hands, CD34 appears to label an EpCam À stromal cell population of mesenchymal origin ( Figure 4E ). , and compared to the bulk population for the ability to generate organoids in vitro ( Figure 5B ). We found that the CD73 + cell population had a significantly higher organoid-forming unit frequency compared to both the Itga6/ Itgb4 High CD73 À and the bulk cell populations ( Figure 5C ).
Our data are consistent with a hierarchical model, in which the Itga6/Itgb4
High CD73 + population represents cells with the greatest stem cell potential followed by a continuum of increased differentiation ( Figure 5D ). To test this model further, we performed quantitative PCR analysis. We sorted primary esophageal basal cells based on their Itga6/Itgb4 and CD73 expression and assessed gene expression of cytokeratin 14 (Krt14), cytokeratin 13 (Krt13), cytokeratin 4 (Krt4), and involucrin (Ivl; Figure 5E ). Each sorted cell population expressed the same levels of Krt14 (basal cell marker), confirming that each population represents basal cells equally. On the other hand, we observed increased expression of the differentiating cell markers Krt13 and Krt4 as cells progress from the Itga6/Itgb4
High CD73 + population, to the Itga6/Itgb4 High CD73 À population, to the Itga6/Itgb4 Low population. Ivl, a marker of differentiation in suprabasal cells, was below the threshold of detection in each population.
Characterization of Esophageal Organoids
Next, we determined whether esophageal organoids recapitulate the cell-surface heterogeneity observed on cells from primary tissue. Cells were isolated from mice and placed in Matrigel to generate organoids. After 9 days, organoids were collected and dissociated to single cells for subsequent analysis by flow cytometry ( Figure S4A ). Similar to primary tissue, we observed a range of Itga6 and Itgb4 expression. We found high CD73 expression on dissociated organoids in both the Itga6/Itgb4
High Data are represented as the mean ± SEM or ± SD for qPCR analysis. **p < 0.01; ***p < 0.001; ns, not significant. See also Figure S3 .
and Itga6/Itgb4 Low populations. However, the mean fluorescence intensity of CD73 was higher in the Itga6/Itgb4 High population compared to the Itga6/Itgb4 Low population, which is consistent with primary cells. These data show that organoids retain a similar cell-surface phenotype compared to cells isolated directly from primary tissue, with differences in overall expression levels once cells are cultured in vitro.
Organoids generated from primary esophageal epithelial cells can be passaged repeatedly in the presence of stem cell medium, indicating self-renewal potential ( Figure S1D ). We then asked if self-renewal potential was inherently lower in the Itga6/Itgb4
Low population, which represents a more differentiated cell population compared to the Itga6/Itgb4 High population. We sorted primary esophageal cells from the Itga6/Itgb4
High and Itga6/Itgb4 Low populations and generated organoids in stem cell medium. Organoids were dissociated to single cells and suspended in Matrigel to form new organoids. We found that organoids derived from both the Itga6/Itgb4 High and Itga6/Itgb4 Low populations were capable of self-renewal at a similar level, because they could be passaged repeatedly ( Figure S4B ). Even though fewer organoids were initially generated from the Itga6/Itgb4 Low population ( Figure 4D ), these data suggest that extrinsic factors (i.e., stem cell medium) are sufficient to maintain self-renewal potential once organoids are formed. Therefore, the total number of cell divisions (self-renewal potential) does not appear to be intrinsically defined by the current differentiation status of a given basal cell, similar to the regulation observed in proliferating intestinal epithelial cells (Ritsma et al., 2014) .
Proliferation Kinetics of Esophageal Basal Epithelium
Although a quiescent long-term label-retaining epithelial cell may not be present in the basal layer (Doupé et al., 2012), we predict that an activated esophageal stem cell would undergo cell division less frequently than a transit-amplifying cell, whereas a fully differentiated cell of the suprabasal layer would not divide (Croagh et al., 2007; Potten and Loeffler, 1990) . This is analogous to the proliferation kinetics observed in the intestine, where actively dividing LGR5 + cells give rise to the rapidly dividing transit-amplifying population, which eventually form the fully differentiated cell lineages of the intestine (Barker et al., 2007) .
We examined the cell-cycle profile of the three basal epithelial cell populations that we identified ( Figure 6A ). Primary esophageal cells were isolated from mice and we found that the Itgb4-High CD73 + stem cell enriched population had fewer cells in G1 phase and significantly more cells in the S and G2/M phases compared to the Itgb4
High CD73-and Itgb4
Low CD73 À populations ( Figures 6B and 6C ). Next, we administered EdU to mice for 2, 12, or 24 hr and isolated cells from the esophagus. Short-term exposure to EdU (2 hr) resulted in a profile similar to the number of cells found in S phase ( Figures 6D and 6E ). After specifically examining EdU + cells, we found that each of our identified cell populations were represented, indicating that each basal cell subpopulation remains actively dividing while having varying degrees of differentiation ( Figure 6F ). We also observed more EdU + cells in the Itgb4 High CD73 À population compared to the Itgb4 High CD73 + population after 24 hr (Figure 6E) , which suggested that the CD73 À population might serve as a faster dividing transit-amplifying cell population. Next, we examined the CD73 À population as a whole, irrespective of Itgb4 expression levels, and found that they incorporated a higher proportion of EdU over time compared to the Itgb4-High CD73 + population, in part because the CD73 À population represents the majority of basal cells (Figures S5A-S5C ). Figure 6G ). We also determined that the entire CD73 À (i.e., the putative transit-amplifying) population divided more frequently (1.9 times per week ± 0.2) compared to the Itgb4-High CD73 + population ( Figure S5D ). In support of our proliferation analysis, we found that the bulk basal cell population divided 1.7 times per week (± 0.2; Figure 6G ), similar to previously reported proliferation kinetics (1.9 times per week ± 0.1) that characterized the total basal cell population (Doupé et al., 2012) .
Next, we characterized esophageal basal cells at the clonal level in vitro. Single GFP + primary esophageal cells were sorted from the Itgb4 High CD73 + and Itgb4 High CD73 À populations and six separate clones were expanded from each population. Consistent with our observed proliferation rates, we found a higher total number of cells when the original cell was from the faster dividing Itgb4 High CD73 À population ( Figure 6H ). We also found that clones derived from the Itgb4 High CD73 + population generated organoids more efficiently ( Figure 6I ), similar to our results when cells were sorted directly from primary tissue ( Figure 5C ).
Challenge with Retinoic Acid Alters the Epithelial Basal Cell Populations
We then asked whether challenge with all-trans retinoic acid (atRA), known to promote a stress response in esophageal epithelium by inducing differentiation (Chang et al., 2007; Doupé et al., 2012) , alters the different basal cell populations we identified. Mice were exposed to atRA for 5 days and analyzed on day 6 ( Figure 7A ). In agreement with others (Doupé et al., 2012) (Figure 7D ). This shows that atRA induced a shift in the esophageal basal epithelium toward the more differentiated Itga6/Itgb4 Low cell population in vivo. Data are represented as the mean ± SEM or ± SD for qPCR analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. Percentages indicate the percent of total live cells. See also Figure S4 .
DISCUSSION
Our results indicate the presence of a stem cell population in the esophageal epithelium. This population represents a small fraction of basal cells that are functioning as less differentiated nonquiescent stem cells, whereas a majority of basal cells are serving as faster dividing transit-amplifying cells. We identified cell-surface markers that distinguish the stem and transitamplifying populations, with each basal cell likely falling somewhere along a continuum of proliferation and differentiation Data are represented as the mean ± SEM. For each EdU time point, n = 4 or 5 mice, n = 5 mice for cell-cycle analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. See also Figure S5 . (Potten and Loeffler, 1990) . At one end of the spectrum, the Itgb4 High CD73 + cells have the greatest stem cell potential, whereas CD73 À transit-amplifying cells range in levels of maturation (e.g., from early transit-amplifying to more differentiated late transit-amplifying). This shows that proliferating esophageal basal cells may not necessarily represent a single functionally equivalent population of cells dividing at the same rate, despite their putative stochastic cell fate behavior (Doupé et al., 2012) . The different conclusions can be attributed to the experimental methods used among groups. Jones and colleagues used an inducible Ah CreERT/EYFP reporter mouse to randomly label esophageal basal epithelium. Some of the labeled clones might have originated from a CD73 + stem cell and others might have originated from CD73 À transit-amplifying cells. Without defined promoters to label specific subpopulations or knowing the location of a stem cell niche, it is difficult to distinguish the differentiation status of the initial labeled cell. Therefore, many of the long-term clones could have been derived from labeled CD73 + stem cells. Ultimately, the longevity of each clone was due to balanced but randomly defined symmetric or asymmetric cell divisions. The authors did not find any discernable differences in the proliferation and differentiation of single cell derived clones under homeostatic conditions, which fit the overall concept of a single progenitor model. Conversely, our studies used cell-surface markers to prospectively isolate distinct cell populations within the total esophageal basal epithelium. This allowed us to determine key differences in proliferation and differentiation by comparing each population, which would not have been possible if we only examined the bulk cell population.
Because of the morphological similarities between esophageal and skin epithelium, it is interesting to consider the parallels regarding the stem cell compartment in both of these tissues. Recent work from Blanpain and colleagues used two separate promoters, cytokeratin 14 and involucrin, to trace distinct cell populations in the skin basal epithelium and found different contributions of stem and progenitor cells to epidermal maintenance (Mascré et al., 2012) . This result contrasted with studies that used a single Ah
CreERT/EYFP reporter mouse to label skin epithelium, in which the authors suggested all basal epithelial cells of the skin have equal stem cell potential (Clayton et al., 2007) .
No discernable epithelial stem cell niche has been previously identified in the esophagus, which has led to the assumption that the entire basal cell layer constitutes a progenitor cell niche (Doupé and Jones, 2013) . A key difference between the esophagus and the intestine is thought to be the restricted niche space in the intestine (Doupé and Jones, 2013) . The intestinal stem cell niche provides external signals (e.g., Wnt and noggin) to maintain stemness at the base of the crypt (Barker, 2014; Barker et al., 2007) . The Wnt and noggin/BMP pathways are also essential regulators of epithelial morphogenesis during esophageal development, when the esophagus and trachea separate to form their respective tissues (Jacobs et al., 2012) . Our data suggest that these signals persist in adult esophageal tissue to maintain stemness and permit self-renewal. This raises the question then, if there is a stem cell niche in the esophagus that is mechanistically related to the intestine, in which esophageal basal cell stemness is maintained or lost based on competition and cellular proximity to extracellular ''niche'' signals (Ritsma et al., 2014; Snippert et al., 2010; Walther and Graham, 2014) . Another possibility is that Wnt signals are derived from basal epithelial cells themselves, similar to the autocrine mechanism identified in a population of interfollicular epidermal stem cells (Lim et al., 2013) . Either way, our in vitro data suggest that extracellular signals play an essential role to maintain stemness, because exogenous Wnt/noggin was required for organoid self-renewal. Whereas basal cells appeared to be hierarchically organized (i.e., stem cells differentiated into transit-amplifying cells), future work will require an examination of cell fate at the clonal level in vivo within each cell population. Using our experimental approach, we were unable to discern symmetric versus asymmetric cell fate decisions or determine whether certain basal populations adhere to a model of population asymmetry (Watt and Hogan, 2000) . These studies will entail lineage tracing and quantitative analysis of single cell derived clones using promoters specific to both the CD73 + stem cell and CD73 À transit-amplifying populations. Jones and colleagues previously showed that bulk esophageal homeostasis is maintained by stochastic population renewal as opposed to defined asymmetric cell divisions, and concluded that a separate stem cell population does not reside in the basal epithelium (Doupé et al., 2012) . These data, along with the absence of a specialized stem cell niche in the esophagus, were a major reason that all basal cells were defined as a single progenitor cell population (Doupé and Jones, 2013) . In the intestine, stem cells also selfrenew via population asymmetry, but all proliferating intestinal epithelial cells are not considered a single ''progenitor'' population because stem cells reside in and compete for niche space (Lopez-Garcia et al., 2010; Ritsma et al., 2014; Walther and Graham, 2014) . Our data do not conflict with the notion of esophageal stem cells undergoing population renewal, but they do suggest that there is a separate stem cell population with the following attributes: (1) esophageal stem cells cycle slower/less often than transit-amplifying cells, but are not quiescent; (2) esophageal stem cells are the least differentiated epithelial cell population in the esophagus; (3) esophageal stem cells have self-renewal potential and generate differentiated cell phenotypes in vitro; and (4) esophageal stem cells require extrinsic ''niche'' signals to self-renew, whereas transit-amplifying cells have the plasticity to behave like less differentiated stem cells given the right external cues. Each of these attributes could also be used to describe intestinal stem cells, yet there is general agreement that the intestine is comprised of both stem and transit-amplifying cell populations. Therefore, we propose a model for the esophageal basal epithelium that consists of separate populations of proliferating stem cells and more differentiated transitamplifying cells.
Our findings have important implications for tissue repair and disease. Stem or more differentiated cells might make separate contributions to tissue repair after injury. In addition, basal epithelial cells likely act as the cells of origin for squamous cell carcinoma (Liu et al., 2013) , but the distinct contribution of stem cells versus more differentiated cells will be important to determine. A recent study found that inhibition of differentiation in esophageal basal cells led to an expansion of clones that expressed increased Itgb4 at the transcript and protein levels (Alcolea et al., 2014 ). Using our model as a guide, these data point to an expansion of the less differentiated Itgb4
High , and possibly CD73 + stem cell population, when normal differentiation is disrupted. Finally, a prominent but controversial hypothesis suggests that normal esophageal stem cells may be the cell of origin for Barrett's metaplasia. Our studies are an important step forward to now capably test this long-standing hypothesis.
EXPERIMENTAL PROCEDURES Mice
The following strains of mice were purchased from Jackson Laboratories and used in this study: wild-type C57BL/6 (#000664), transgenic EGFP C57BL/6 (#004353), mixed 129S C57BL/6 knockin mice expressing EGFP from the Sox2 promoter (Sox2 EGFP ; #017592), mixed 129S C57BL/6 knockin mice expressing tamoxifen-inducible Cre from the Sox2 promoter (Sox2  CreERT2 ; #017593), C57BL/6 transgenic loxP-stop-loxP EYFP (#006148), and mixed 129S C57BL/6 floxed Sox2 mice (Sox2 flox ; #013093). Mice were bred and housed in the Division of Laboratory Animal Resources facility at the University of Pittsburgh McGowan Institute for Regenerative Medicine. Experimental protocols followed NIH guidelines for animal care and were approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh.
Esophageal Tissue Isolation
The esophagus was removed from mice and the mucosa was physically separated from the submucosa using forceps and chopped into small pieces with a straight edge razor. Cells were dissociated by incubating at 37 C in 13
Trypsin-EDTA for 60 min, vortexing every 15 min. Culture medium (Dulbecco's modified Eagle's medium/F12) was added to inactivate the trypsin. Remaining tissue clumps were removed by passing the cells through a 70 mm sterile filter. For cell-sorting experiments, the mucosa was isolated from at least four mice and pooled to obtain a sufficient number of cells.
Immunofluorescence
Tissue was fixed in 4% paraformaldehyde for 4 hr, and stored in 13 PBS followed by imbedding in paraffin, or stored in 30% sucrose for 12 hr and then embedded in optimal cutting temperature medium, and frozen and stored at À80 C. Tissue sections were mounted on glass slides. Sections were washed with PBS and blocked with 5% BSA for 30 min. Sections were then incubated in primary antibody for at least 1 hr and secondary antibody for 1 hr. Sections were mounted with Hoechst mounting media. Images were captured with an Olympus IX71 inverted microscope.
Generation of 3D Organoids
Primary esophageal cells (500-5,000 cells, depending on the experiment) were suspended in 50 ml Matrigel (BD Biosciences) on ice. The Matrigel-containing cells were placed as a droplet in a 24-well tissue culture plate followed by incubation at 37 C for 30 min to allow solidification of the gel. Growth medium was added to cover the Matrigel and incubated at 37 C to allow organoid formation. Growth medium consisted of Advanced Dulbecco's modified Eagle's medium/F12, 13 N2, and 13 B27 Supplements, 13 Glutamax (Life Technologies), 13 HEPES, 13 penicillin/streptomycin (Mediatech), 1 mM N-acetyl-Lcysteine, 100 mM gastrin, 10 mM nicotinamide, 10 mM SB202190 (Sigma), 50 ng/ml epidermal growth factor, 100 ng/ml Noggin (Peprotech), 100 ng/ml Wnt3A, 100 ng/ml R-Spondin 2 (R&D), and 500 nM A8301 (Tocris ; Table S1 ). Media were changed twice over the 9-day length of the experiment.
Antibodies and Reagents
Antibodies specific to the following antigens were purchased for immunofluorescence from Abcam: Cytokeratin 14 (#ab7800), p63 (#ab53039), Cytokeratin 13 (#ab92551), Sox2 (#ab97959), and Ki67 (#ab15580). From BD Biosciences: CD104 (Itgb4, #553745), CRABP2 (#560234), and CD73 (#550738). The following reagents were used for fluorescence analysis from Life Technologies: Hoechst (#H21492) and Click-iT Alexa Fluor 594 EdU labeling kit (#C10339). Antibodies specific to the following antigens were purchased for flow cytometric analysis from BD Biosciences: PerCP-Cy5. 
Flow Cytometry
Cell suspensions were stained with antibodies on ice in the dark for 1 hr. Two milliliters of flow buffer (2% FBS in Hank's balanced salt solution) was added to tubes, and mixed and centrifuged at 400 3 g for 5 min. The supernatant was aspirated, secondary antibody was added if necessary, and reactions were incubated in the dark on ice for 1 hr. Cells were rinsed and spun again as described. The final cell pellet was suspended in 400 ml of flow buffer containing a 1:600 dilution of Sytox Blue viability stain. Cells were acquired using a BD Aria II Cell Sorter or a Miltenyi MACSQuant, and postacquisition analysis was performed using FlowJo software.
Tamoxifen Induction
Tamoxifen (10-1,000 nM) was added to the organoid-forming stem cell medium to initiate Cre expression in cells cultured in vitro. After 12 hr, the medium was removed and fresh medium without tamoxifen was added to the cultures for the remainder of the experiment. Organoid formation was assessed after 9 days in culture.
Cell Division Frequency
The frequency of cell division was determined using the equation:
, where T div represents how often a cell divides, T chase represents the amount of time that the cells are exposed to continuous EdU incorporation, EdU% is the percent of cells that have incorporated EdU, and f s represents the percent of cells in S phase at the time of EdU labeling. A similar method was used to identify proliferation rates in subpopulations of basal skin epithelium (Mascré et al., 2012) . Data from individual mice exposed to EdU for 12 hr (n = 4 mice) and 24 hr (n = 5 mice) were used to determine the average frequency of cell division.
Proliferation Assay and Cell-Cycle Analysis Proliferation was assessed by injecting 100 mg EdU into mice intraperitoneally followed by flow cytometry analysis. For the 2 hr and 12 hr time points, EdU was injected at time 0 and mice were killed after 2 or 12 hr. For the 24-hr time point, EdU was injected at time 0 and again after 12 hr. Cells were then isolated from the esophagus and stained with the appropriate antibodies. EdU was detected by flow cytometry using the Click-iT Alexa Fluor 647 EdU labeling kit. Data were obtained from individual mice (n = 4 or n = 5). For cell-cycle analysis, primary esophageal cells were isolated from mice (n = 5) and stained with Hoechst as well as the indicated antibodies. The percent of cells in each cell-cycle phase was determined by gating on histograms showing DNA content (Hoechst) in a linear scale.
Colony-Forming Unit Frequency
Limiting dilution analyses were performed by sorting a range of primary GFP + esophageal cells (ranging from 1 up to 100 cells per well) into respective rows of 96-well plates seeded with irradiated LA7 feeder cells. Colonies were scored after 2-3 weeks postplating (positive wells contained GFP + cells) and candidate stem cell frequencies with SE of sorted subpopulations were determined with L-Calc (StemCell Technologies).
Organoid-Forming Unit Frequency
Equal numbers of primary esophageal cells were suspended in Matrigel to form organoids. After 9 days, organoids (spheres greater than 50 mm) were counted. Organoid-forming unit (OFU) frequency was determined by dividing the number of organoids by the number of cells placed in Matrigel. Fold change was determined by comparing OFU from specific subpopulations to the OFU from the bulk cell population (Sox2 + or EpCam + ).
Organoid Collection and Passaging
Organoids were removed from Matrigel upon incubation with a dispase solution. Dispase solution consisted of 0.2% dispase I (Life Technologies), 0.1% collagenase type II (MP Biomedicals), and 20 mg/ml DNase I (Roche) in 13 HBSS containing 1% HEPES buffer. Matrigel was digested in dispase solution at 37 C for 15 min. Organoids were washed with 13 PBS and centrifuged at 200 3 g for 3 min. Organoids were resuspended in 13 trypsin-EDTA and incubated at 37 C for 45 min to dissociate cells. Cells were washed and analyzed by flow cytometry or suspended in Matrigel to generate new organoids.
Quantitative PCR Analysis
Organoids grown in Matrigel were lysed and RNA was isolated using the RNeasy kit (QIAGEN). RNA was quantified with the Nanodrop 2000c Spectrophotometer (Thermo Scientific). Reverse transcription was performed using iScript RT Supermix (Bio-Rad) followed by real-time PCR on an ABI StepOne Plus Real-Time PCR machine (Applied Biosystems). For FACS-sorted cell populations, cDNA was generated using the Cells-to-cDNA II kit (Life Technologies). TaqMan probes and primers were purchased from Life Technologies (Table S2) . Expression was normalized to Gapdh. Error bars represent upper and lower error limits based on replicate variability.
Clonal Cell Expansion In Vitro
Esophageal tissue was collected from GFP + mice and digested to single cells.
FACS was used to sort one cell per well in multiple 96-well plates seeded with irradiated LA7 feeder cells. Single cells were sorted from either the Itga6/Itgb4-High or Itga6/Itgb4 Low cell populations. After 14 days, wells containing a GFP + colony were treated with trypsin to remove the cells from the plate. All cells were subsequently placed in 12-well plates seeded with irradiated LA7 cells. After 14 days, cells were again removed and all cells were placed in six-well plates seeded with irradiated LA7 cells. Six separate clones were generated from each original cell population. After another 14 days, cells were removed from the plates and the total number of GFP + cells was determined for each clone. The OFU frequency was assessed for several clones by suspending the cells in Matrigel in the presence of stem cell medium.
Challenge with Retinoic Acid Five mice were given intraperitoneal injections of 400 mg atRA on days 1, 3, and 5. Esophageal tissue was collected from mice on day 6 for subsequent analysis and compared to control mice (n = 5). A portion of tissue was fixed and stained with Ki67 or CRABP2 to confirm the response to atRA. Low ) was used to determine the percent of total basal epithelial cells comprised by the three different populations.
Statistical Analysis
Statistical significance was determined with two-tailed Student's t test ( Figures 3D-3F, 4D , 5C, 5E, 6C, 6H, 6I, 7B, 7D, S1D, S2C, S3C, and S5D). 
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